We have characterized cell-to-cell communication (coupling) within intact human skin by microinjecting single keratinocytes with a gap junction-permeant tracer (Lucifer Yellow). 25-50 keratinocytes from different layers of the epidermis were seen to be coupled after most injections (n = 31). A few noncommunicating cells were also microinjected (n = 3) or observed within large territories of coupled keratinocytes. Microinjections of dermal fibroblasts demonstrated an extensive coupling (greater than 100 fibroblasts); however, none of the keratinocyte (n = 34) or fibroblast (n = 3) injections revealed coupling between the epidermal and dermal compartments. Cell coupling was found to be more extensive in epidermal ridges than in suprapapillary plates and, in both regions, was less extensive after injection of the basal layer of the epidermis than after that of the suprabasal layers. This study shows that junctional cell-to-cell communications take place in normal and fully differentiated human tissue. The quantitative data gathered also indicate a regional heterogeneity of keratinocyte-to-keratinocyte communication within intact adult skin and the lack of effect of retinoids on this pattern. 
Introduction
Like most other epithelial cells, the keratinocytes of human epidermis are connected by gap junctions (1, 2), i.e., by membrane differentiations thought to provide channels for direct cell-to-cell communication (3) . Morphological reports of epidermal gap junction changes under a variety of pathological (4) and pharmacological conditions (5, 6) have suggested that junction-mediated cell communication, a phenomenon also referred to as cell coupling (3) , is possibly involved in the functioning of keratinocytes. However, because the mere observation of gap junctions clearly does not imply that these structures are necessarily permeable (7, 8) , it is still uncertain whether and how keratinocytes intercommunicate within the intact human skin. This tissue is quite different from newborn mice skin, in which cell coupling has recently been reported (9) . Information about the normal pattern ofjunctional communication in intact human skin is required to assess further whether cell-to-cell communications change when the differentiation and/or proliferation program of keratinocytes is perturbed. As a first approach to this question, we have assessed quantitatively the extent and distribution of junctional com-munication between keratinocytes and between fibroblasts of human epidermis and dermis.
Methods
Skin samples. Keratome skin samples -180 Am thick were obtained, while subjects were under anesthesia by intradermal injection of 1% xylocaine and 0.5 IU/ml Ornipressine (POR 8; Sandoz Ltd., Basel, Switzerland), from the buttocks of (a) seven healthy untreated volunteers; (b) three volunteers treated topically with all-trans retinoic acid (0.1% in 95% alcohol) once a day for 4 d; (c) one volunteer treated topically with etretin (Ro 10-1670; 0.1% in 100% alcohol and 10% dimethylsulfoxide), once a day for 4 d; (d) two patients that received 35 Ag/d arotinoid acid (Ro 13-74 10) orally for 6 wk; and (e) three untreated patients with psoriasis. In the latter two groups, skin was sampled from nonlesional regions.
Preparation ofthe tissue. Immediately after sampling, the skin was rinsed in PBS and transferred into a Krebs-Ringer medium buffered to pH 7.4 with 10 mM Hepes and 25 mM NaHCO3 (control KRB). Using a dissecting microscope, we cut each sample (usually 2 X 10 mm) into fragments of 1 X 2 mm that were positioned, dermal side up, into 35-mm dishes (Falcon Labware, Becton, Dickinson, & Co., Oxnard, CA) coated with Sylgard and 0.1% poly-L-lysine, as previously described (7). Each fragment was immediately covered with a drop of control KRB and allowed to attach to the dish for 5 min. The dishes were then filled with 2 ml of control KRB supplemented with 0.5% BSA (pH 7.4), and either immediately processed for microinjection or kept in an air/CO2 incubator at 370C. The sampling and the preparation of the skin lasted -30 min and all fragments were microinjected and fixed within 3 h of surgery. This incubation time did not appear to affect the viability of the skin, as judged by the normal histological appearance of the fragments up to the end of the experiment, nor the extent of cell coupling. Indeed, uncoupled and coupled keratinocytes were observed both in fragments that were injected within halfan hour of surgery and in those that were studied 2 h later.
Microinjection. The attached skin fragments were transferred to the heated (37°C) stage of a Universal Zeiss microscope and were viewed from the top, i.e., from the dermal side, under dark-field illumination and at a magnification of 80. Under continuous visual and electrophysiological control, a thin-tip glass microelectrode of -150 MQ2 was lowered on the tissue. Because the microinjection ofepidermal cells via the stratum corneum was not possible due to the hardness of this epidermal layer, skin fragments were attached with the stratum corneum lying against the bottom of the dish. In this arrangement, the electrode first encountered a small layer of dermis and, if pushed further down, entered the epidermis. Electrodes were filled with a 4% solution of Lucifer Yellow (10), in 150 mM LiCl2 buffered to pH 7.2 with 10 mM Hepes and connected to an electronic setup for the injection ofcurrent and the simultaneous recording ofthe electrode and cell potentials (7) . After verification of the penetration of a cell by the sudden deflection of the recorded potential from 0 (electrode in the medium) to a negative resting membrane potential (electrode tip within a cell), Lucifer Yellow was injected ionophoretically by applying hyperpolarizing current pulses to the electrode, as described in reference 7. After 5 min, the injected site was rapidly viewed under ultraviolet (UV) light and, whenever coupling was seen at this point, the injection was prolonged for 10 additional minutes. At the end of the injection period (5 min in case ofuncoupling and 15 min in case of coupling), the electrode was pulled out ofthe cell (this was assessed by a suddef return ofthe monitored potential toward the zero line) and the injected site was photographed under fluorescence illumination (7, 1 1). After removal of the medium, the skin fragment was fixed in the dish usihg a 4% solution ofparaformaldehyde in PBS, pH 7.4 (7 the average diameter of a basal keratinocyte; (c) the surface (squared micrometers) occupied by the coupled cells, which was measured on the same sections using a graphics tablet connected to a personal computer programmed for area measurements (7) . Since the values ofeach ofthe three parameters studied showed a nonnormal distribution (Fig.  4) , average values were expressed as medians and, accordingly, were compared using the median test (13) . The distributions of the three parameters evaluated were also compared using the KolmogorovSmirnov and the Mann-Whitney tests (13) .
Results
Qualitative observation. Fig. 1 A shows the typical appearance of a skin fragment as seen from the dermal side, in the microinjection setup. Under dark-field illumination, each fragment appeared to be formed by circular dark areas that corresponded in size, shape, and distribution to the dermal papillae seen in perpendicular sections of the keratome samples ( Fig. 1  B) . These papillae were surrounded by lighter bands of a more homogeneous tissue ( Fig. 1 A) that correspond to the epidermal ridges seen on sections ( Fig. 1 B) . By positioning the electrode tip over either the round dark areas or the lighter homogeneous bands, microinjections thus could be performed in either the dermal or the epidermal compartment. When a dermal cell was injected (n = 3), Lucifer Yellow rapidly diffused into a large number ofnearby cells that, in the intact tissue and at the low magnification used during microinjection, were seen as groups of fluorescent spots within adjacent dermal papillae (Fig. 2 A) injection (not shown) or a larger area (Fig. 2 B) . In the latter case, the injected tissue was homogeneously stained by Lucifer Yellow and showed the stellate appearance of epidermal ridges (Fig. 2 B) .
In view of the tridimensional organization of the skin fragments, the location, arrangement, and type of communicating cells could not be assessed directly during the injection and was determined, a posteriori, on serial sections that were cut throughout each skin sample. Analysis of these sections revealed that the pattern of fluorescence seen after injection of a dermal papilla was due to the labeling of a large number (usually > 100) of triangular or spindle-shaped cells that were separated from each other by unstained areas, except at the extremity of thin processes, and were identified as fibroblasts (Fig. 2 C) shaped cells that were in close contact and showed the characteristic morphology of keratinocytes (Fig. 2 D) .
In most cases, the microinjected keratinocyte was identified both in fragments and sections by a more intense labeling than that seen in nearby cells. A gradient of fluorescence was seen running from the injected cell through the neighbor coupled keratinocytes (Figs. 2 D and 3 A) . Often, the epidermal territories labeled by Lucifer Yellow comprised both basal and suprabasal keratinocytes (Figs. 2 D and 3 A) and a number of unlabeled, apparently uncoupled cells (Fig. 3 A) . Immunolabeling with an anti-keratin antibody confirmed that the epidermal coupled cells were keratinocytes from basal and suprabasal layers (Fig. 3 B) . In comparison, most of the cells that were not labeled by Lucifer Yellow were also keratin-negative (Fig. 3 B) . These cells were therefore considered tentatively either melanocytes, if they were found in the basal layer of the epidermis, or as Langerhans cells and/or white blood cells, if they were found throughout the epidermis (Fig. 3 B) .
No instance of Lucifer Yellow transfer into the dermal compartment of the skin was observed after epidermal microinjections. Similarly, the tracer did not diffuse into the epidermis when microinjections were performed in a dermal cell.
Light microscopy screening of serial sections (Fig. 1 B) showed the normal histological appearance of skin fragments up to the end of the 3-h microinjection experiments and the complete absence of skin appendages, such as hair follicles or glands, in the relatively thin keratome samples we used. Qualitative examination indicated that both basal and suprabasal keratinocytes within epidermal papillae and ridges had a similar size and shape and did not reveal major alterations of kera- tinocyte morphology after treatment with retinoids. The sections that were cut perpendicular to the stratum corneum to prevent the tangential sectioning of epidermal ridges (Figs. 1  and 3 ), were also instrumental in differentiating basal keratinocytes that were in contact with the basement membrane zone from the morphologically different suprabasal keratinocytes ( 14 grams (Fig. 4 shows the number of coupled cells per-injection) revealed a skewed distribution of the three parameters evaluated. Accordingly, the average values of these parameters were expressed as medians. In control skin (n = 12), the median value ofthe extent of coupling, the surface ofcoupling, and the number of coupled cells were 23 um, 1,089 gm2, and 26 cells, respectively (Table I) . These values were not significantly decreased in normal skin treated with retinoids either topically or systemically' and in uninvolved psoriatic skin (Table I) . Furthermore, when the data from the treated groups were pooled and compared with controls, no significant difference was detected (not shown). The values from these groups, which were all obtained from the same site of clinically and histologically normal skin, thus were pooled to determine whether keratinocyte coupling varies in different regions of the epidermis. Therefore, the pooled values of the three parameters evaluated were computed separately, first for keratinocytes injected in suprapapillary plates (the region of the epidermis above dermal papillae) and ridges (the region of the epidermis extending between dermal papillae) and, second, for keratinocytes injected in the basal and suprabasal layers of the epidermis. As shown in Fig. 5 (18, 19) . Recently, a similar strategy was adopted to study coupling in newborn mouse skin (9), a tissue that differs markedly from adult human skin from both the developmental and the histological standpoint. The three main observations of our study can be summarized as follows. First, cell-to-cell communication occurs in both the dermal and epidermal compartments of normal and fully differentiated human skin. In the dermis, coupling usually interconnected several hundred fibroblasts from adjacent papillae. In comparison, in the epidermis, coupling was more restricted, as it usually involved only a few dozen keratinocytes. Occasionally, cells that did not appear to be coupled were dbserved among the communicating keratinocytes. These cells were not positively identified, but their lack of immuiolabeling for keratins and their distribution in the tissue suggest that they were mostly melanocytes, Langerhans cells, or transiting blood cells. In the intact epidermis, coupling thus occurs mostly between keratinocytes, even though infrequent communications may also take place between heterologous skin cells in culture, as shown autoradiographically (19, 20) . It has been claimed recently that heterocellular conimunications also occur between keratinocytes and fibroblasts of neonatal mouse skin (9). We have not observed such communication in the adult human skin; Thus, in no case was Lucifer Yellow exchanged between the dermal and the epidermal compartments of this tissue, even though a number of our injections led to extensive coupling of either fibroblasts or keratinocytes located very close to the basal membrane that normally separates the two skin compartments. These contrasting observations may be explained by the different species, developmental stages, and histology of the two skins studied. In the study on mice, the neonatal skin that was injected was formed by a thin epidermis of three to five layers and a much thicker detmis cohtaining glands and developing hair follicles (9), I whereas in our experiments the adult human skin studied was formed mostly by a thick epidermis and a minimal amount of dermis lacking skin appendages. The latter structures, which are located deeply in the dermis and were not included in our superficial keratome samples, may be the sites at which dermal-epidermal communications take place (9) . Alternatively, epidermal-dermal communication may result from the successive penetration ofthe injecting electrode into different cells of the two skin compartments. This possibility cannot be ruled out, because, at variance with our protocol, previous experiments were not performed under continuous electrophysiological monitoring that would allow one to control for such multiple cell penetrations within the tridimensional skin fragments (9, 21) .
The second set of information is provided by the quantitative evaluation of keratinocyte coupling in different regions of the epidermis. Most often, keratinocytes exchanged Lucifer Yellow throughout the different layers of the epidermis, except the stratum corneum. This pattern was seen irrespective of whether the tracer had been introduced in a basal or suprabasal keratinocyte indicating that, in intact skin, coupling actually establishes a functional interconnection of cells at very diverse stages of differentiation. In view of the various characteristics of keratinocytes in the different layers (14, 22, 23) and regions of the epidermis (24), we have further investigated whether coupling is regionally heterogeneous. Our analysis has revealed that junctional communication is more extensive after injection of suprabasal than ofbasal keratinocytes, a finding consistent with the predominant distribution of gap junctions in the upper layers of the epidermis (2). From both a functional and a structural standpoint, the transmission of information through permeable junctions thus appears to be easier from the more differentiated compartment of the epidermis toward the proliferative compartment of the tissue, than vice versa. Coupling was found to be also much greater between the keratinocytes of the epidermal ridges than between those of the suprapillary plates. These regional differences indicate that the ability of keratinocytes to communicate with nearby companion cells is somehow dependent on their state of differentiation, cellular and noncellular environment, and dividing capacity, all of which vary as a function of the cells' anatomical location (14, (22) (23) (24) . The alternative possibility, that the coupling differences we observed between epidermal plates and ridges simply reflected differences in the size, shape, or volume (25) of otherwise analogous keratinocytes, is unlikely, since histology did not reveal major differences in these cell parameters between the two epidermal regions.
Finally, in view of the apparently contradictory effects of retinoids on gap junctions and cell coupling in different systems (26) (27) (28) (29) , and of the importance of these compounds in the regulation of both normal and pathological biology of the skin (30, 31), we have studied the effects of local and systemic retinoid treatments on keratinocyte coupling. As reported, the two treatments studied did not decrease the exchange of Lucifer Yellow between keratinocytes, under conditions that led to a significant increase in the epidermal levels of cytosolic retinoic acid binding proteins, i.e., that biologically affected the skin (32, 33) . Since some retinoid treatments have been reported to affect keratinocyte structure (34) , a change that could conceivably influence cell coupling or, at least, its detection by the dye injection approach (25), we had to consider the possibility that our analysis had failed to detect a subtle but significant effect of retinoids on the total volume of coupled keratinocytes. Although our data do not allow us to totally exclude this possibility, we consider it rather unlikely, again in view ofthe lack of evident keratinocyte changes that was documented histologically at the end of both the topical and systemic treatment we tested. At any rate, these retinoid treatments did not uncouple human keratinocytes. This conclusion agrees with previous reports that retinoids do not modify coupling (28) and do not prevent reestablishment ofgap junctions between homologous cells (27) , but contrasts with other observations that have indicated a blocking effect of retinoids on the junctional communication of several cell types (26, 29) . Whether these differences outline the variable regulation of gap junctions in different systems (35) or are merely related to differences in the dose2 or type of the retinoids tested, remains to be established.
In summary, we have shown that junctional cell-to-cell communications take place in normal and fully differentiated adult human tissue and can be studied quantitatively without perturbing the normal organization of the intact organ. The possible function(s) of junctional communications between adult keratinocytes remain(s) to be established, as is true for the role ofjunctional coupling in most other nonexcitable cell systems (35, 36) . Increasing circumstantial evidence points to a likely role ofgap junctional communication in the control of general cell functions such as growth, differentiation, and metabolism (3, 30, 35) , and in the modulation of more specific activities of adult differentiated cells, such as secretion (36) .
Whether any of these putative functions are relevant to the biology of human keratinocytes can be addressed using the model and approach we have outlined here. Thus, the comparison of coupling in control and pathological skin, under conditions perturbing the normal pattern of keratinocyte multiplication, differentiation, and/or metabolism (4, 37), should provide insights into the possible role ofjunctional communications in the functioning of skin cells. In some pathological conditions, ultrastructural studies have indeed suggested alterations of keratinocyte gap junctions (6, 37).
2. In several culture systems (28, 31) cell uncoupling has been reported after exposure to concentrations (~-lo-4 M) of retinoids that are toxic for rat liver epithelial cells (28) , and that are much higher than the pharmacologically active concentrations of these compounds (1 0-6 10-9 M) that we tested. In preliminary in vitro studies we also observed that the electrical (voltage clamp technique) and dye coupling of human keratinocytes may be rapidly abolished by l0-4 M, but not by 10-7 and 10-6 M all-trans retinoic acid (unpublished).
